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Akiteru Santa
Department of Physics, University of Toyama, Toyama 930-8555, Japan
Scenarios where left- and right-handed sneutrinos mix and the lightest mixed one act as a thermal
dark matter candidate can solve the dark matter, neutrino mass, and hierarchy problems simulta-
neously. We focus on the dark matter mass region of the order of 1 GeV, where dark matter direct
detections are insensitive. We calculate the decay rate of a false vacuum induced by a large sneutrino
trilinear coupling as well as other observables constrained by experiments. As a result, we show that
there is an allowed region where the mass of the lightest neutralino is around 1 GeV. The allowed
region can be tested by the search for the Higgs boson invisible decay at future colliders.
I. INTRODUCTION
In July 2012, the ATLAS and CMS collaborators reported the discovery of a new particle with a mass of 125
GeV[2]. Data revealed that the phenomenological profile of the new particle resembles that of the Higgs boson
of the Standard Model (SM). The SM has been established as an effective theory at low energy scales below
O(100) GeV. However, there are some unsolved problems. In the SM, neutrinos are massless particles although
neutrino oscillation phenomena were discovered[3]. The SM does not contain any candidate which can explain
the dark matter relic abundance[4, 5]. In the theoretical view point, the SM has the problem that quantum
corrections to the squared Higgs boson mass diverge quadratically.
A weakly interacting massive particle (WIMP) is a good dark matter candidate. The relic density and the
annihilation cross section of the WIMP are related to each other if the WIMP was in thermal equilibrium in
the early universe. In order to reproduce the observed relic density, the annihilation cross section of O(pb)
is required. The cross section implies the new physics energy scale of O(1TeV) according to the dimensional
analysis. These parameter regions are explored by dark matter direct and indirect detections and the Large
Hadron Collider (LHC).
In this paper, we focus on the model extended by introducing right-handed neutrinos and supersymmetry
(SUSY). The right-handed neutrinos produce Dirac neutrino masses. The extended model with SUSY particles
can avoid the hierarchy problem because of the cancelations between the quantum corrections to the squared
Higgs boson mass from the SM particles and those from their superpartners. The superpartners of the right-
handed neutrinos, right-handed sneutrinos can mix with left-handed ones. If the lighter mixed sneutrino is the
lightest SUSY particle (LSP), the sneutrino acts as a WIMP candidate[6–8]. Earlier works analyze parameter
regions with the gaugino mass universality and find that there are allowed regions where the mixed sneutrino
dark matter mass is heavier than half of the Higgs boson one. However, the lighter mass regions are excluded
by the limits of the relic density and the branching ratio of the Higgs boson invisible decay.
We explore the GeV-mass mixed sneutrino dark matter scenarios without the gaugino mass universality. In
such a region, dark matter direct detections are insensitive because of their energy thresholds, and a large
sneutrino trilinear coupling triggers a deeper vacuum than the SM-like one. We calculate the decay rate of the
false vacuum neglected in earlier works and impose the vacuum stability bound on parameter space. We show
that there is a region consistent with all phenomenological constraints, and the allowed region can be examined
by the search for the Higgs boson invisible decay at future colliders.
II. MODEL
The mixed sneutrino model contains right-handed neutrinos νRi and sneutrinos ν˜Ri in addition to the usual
particles of the Minimal Supersymmetric Standard Model (MSSM). Here, the index i = 1, 2, 3 denotes the
generation. Neutrino Yukawa interaction, sneutrino soft mass, and sneutrino trilinear coupling terms are intro-
duced to the MSSM Lagrangian. The soft masses and the trilinear couplings among the right-handed sneutrino,
the left-handed slepton doublet ℓ˜i, and the Higgs doublet with hypercharge Y = +1/2, hu are written as
∆Lsoft = m2N˜i |ν˜Ri|
2 +Aν˜i ℓ˜iν˜
∗
Rihu + h.c. , (1)
∗ This report is based on collaboration with Mitsuru Kakizaki, Eun-Kyung Park, and Jae-hyeon Park [1].
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TABLE I: Observables and experimental constraints.
Observable Experimental result
Ωh2 0.1196 ± 0.0062 (95% CL) [5]
σSIN (mDM, σ
SI
N ) constraints
from LUX [9] and SuperCDMS [10]
σannv (mDM, σannv) constraint
from FermiLAT [11]
∆Γ(Z → inv.) < 2.0 MeV (95% CL) [12]
Br(h→ inv.) < 0.29 (95% CL) [13]
mτ˜R > 90.6 GeV (95% CL) [14]
m
χ˜
±
1
> 420 GeV (95% CL) [14]
mg˜ > 1.4 TeV (95% CL) [15, 16]
where m
N˜i
denote the soft mass parameters of the right-handed sneutrinos, and Aν˜i are the sneutrino trilinear
coupling constants. After the Higgs bosons develop vacuum expectation values, the couplings contribute to
non-diagonal components of the sneutrino mass matrix. The mass matrix for one generation is given by
M2ν˜ =
(
m2
L˜
+ 1
2
m2Z cos 2β
1√
2
Aν˜ v sinβ
1√
2
Aν˜ v sinβ m
2
N˜
)
, (2)
where m
L˜
means the soft mass parameter of the left-handed sleptons. The sum of the squared vacuum expec-
tation values (the ratio of the vacuum expectation values) is written by v2 = v21 + v
2
2 (tanβ = v2/v1), where
v1 (v2) is the vacuum expectation value of the Higgs doublet with Y = −1/2 (Y = +1/2). Therefore, the left-
and right-handed sneutrinos mix and one obtains mass eigenstates,
ν˜1 = cos θν˜ ν˜R − sin θν˜ ν˜L , ν˜2 = sin θν˜ ν˜R + cos θν˜ ν˜L. (3)
In this paper, we consider the third generation mixed sneutrino WIMP scenarios assuming that the first and
second sneutrinos are heavier than any experimental limit.
III. CONSTRAINTS
We discuss phenomenological constraints on the GeV-mass sneutrino WIMP scenarios. We use the experi-
mental results listed in TABLE I in order to analyze the parameter space. The GeV-mass sneutrino dark matter
tends to annihilate via neutralinos. Then, the annihilation cross section depends on the neutralino masses as
well as the sneutrino mixing angle. For M
B˜
≪M
W˜
, the relic abundance is given approximately by
Ωh2 ∼ 0.1×
(
sin θν˜
0.1
)−4( mχ˜0
1
1 GeV
)2
. (4)
If the lightest neutralino mass is around 1 GeV and the mixing angle is around 0.1, one obtains the correct relic
abundance.
Coupling constants of dark matter candidates are constrained through direct and indirect detections[9–11].
However, direct detections are insensitive to GeV-mass region because of their energy thresholds. Indirect
detections which observe charged particles and photon from dark matter annihilations cannot impose limits on
the GeV-mass sneutrino dark matter.
Let us turn to constraints from collider experiments. The invisible decays of the Z and Higgs bosons are
explored by LEP2 and the LHC experiments, respectively[12, 13]. In our model, the decay rates are proportional
to sin4 θν˜ . Then, the experimental limits impose upper limits on the sneutrino mixing angle. Productions of
electroweak superparticles at the LHC are associated with signals with two or three leptons. In our model, the
lightest chargino (next-to-lightest neutralino) decay to one tau (two taus) with missing energy. Therefore, we
impose the constraint from the search for two or three taus[14]. LEP2 and the LHC experiments search for a
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TABLE II: Parameters and reference values/scan bounds.
Parameter Reference value/Scan bound
µ 500 GeV
tan β 10
mν˜2 125 GeV
mτ˜R 120 GeV
M
W˜
500 GeV
mν˜1 [0.1 GeV, 10 GeV]
sin θν˜ [0.01, 0.3]
M
B˜
[0.1 GeV, 20 GeV]
 0.05
 0.1
 0.15
 0.2
 0.25
 0.3
 1  2  3  4  5  6  7  8  9  10
si
nθ
ν˜
ν˜1 mass (GeV)
BR(h→inv.) > 29%
Ω > ΩobsDM
LUX
SuperCDMS
BR(h→inv.) = 10%
BR(h→inv.) = 2%
FIG. 1: The results of our parameter scan for light mixed sneutrino WIMP scenarios in the (mν˜1 , sin θν˜) plane. The yellow
(light-gray) and pink (dark-gray) regions are excluded by the constraints of the relic abundance [5] and the Higgs boson invisible
decay [13], respectively. We also show the upper limits of the spin-independent elastic WIMP-nucleon cross section by the LUX
(blue dotted line) [9] and the SuperCDMS (dark-green line) [10]. The black dashed (red solid) line denotes the Higgs boson invisible
decay branching fraction of 10% (2%).
mono-photon event with missing energy also[17, 18]. Such constraints are not serious since the cross section is
enough small in our model[7].
In the MSSM, a large trilinear soft SUSY breaking term triggers a deeper vacuum than the SM-like one[19].
In our model, the sneutrino trilinear coupling is large. Through tracing the scalar potential along the D-flat
direction, |h0u| = |ν˜L| = |ν˜R| = a, θν˜ >∼ 2 × 10−12 suggests a lepton-number breaking global minimum. We
calculate the decay rate of the false vacuum and check whether the lifetime of the universe is enough long. The
vacuum meta-stability bound impose the upper limit, θν˜ ≤ 0.52 for mν˜1 = 0.1 GeV. The upper limit is relaxed
in the larger mass region since the trilinear coupling constant is proportional to m2ν˜2 −m2ν˜1 .
IV. ANALYSIS
We perform a scan for the parameter region as listed in TABLE II, and show the phenomenological constraints
in the (mν˜1 , sin θν˜) plane in FIG. 1 [20]. The colored regions are ruled out by the constraints of the relic
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abundance and the Higgs boson invisible decay. The white region is consistent with the vacuum stability bound
as well as the experimental constraints. The allowed region will be narrowed by searches for the Higgs boson
invisible decay at future colliders. The high-luminosity LHC with the center-of-mass energy of
√
s = 14 TeV
and the luminosity of L = 3000 fb−1can impose the upper limits of Br(h → inv.) < 8.0% (95% CL) [21] and
Br(h → inv.) < 6.4% (95% CL)[22] . The International Linear Collider (ILC) can constrain the branching
ratio up to 0.69% (95% CL)[23]. The ILC is capable of excluding mixed sneutrino dark matter scenarios for
0.1 GeV ≤ mν˜1 < 3 GeV.
V. CONCLUSION
We have analyzed GeV-mass mixed sneutrino dark matter scenarios relaxing the gaugino mass universality
and imposing the vacuum stability bound. If the mass of the lightest neutralino is of the order of GeV, these
scenarios are consistent with all the phenomenological constraints. The allowed region can be probed through
the searches for the Higgs boson invisible decay although dark matter direct detections are insensitive to the
GeV-mass dark matter region.
Acknowledgments
The work presented here is done in collaboration with Mitsuru Kakizaki, Eun-Kyung Park, and Jae-hyeon
Park to whom I express my deep thanks for fruitful collaborations.
[1] M. Kakizaki, E. K. Park, J. h. Park and A. Santa, arXiv:1503.06783 [hep-ph].
[2] G. Aad et al. [ATLAS Collaboration], Phys. Lett. B 716, 1 (2012), [arXiv:1207.7214]; S. Chatrchyan et al. [CMS
Collaboration], Phys. Lett. B 716, 30 (2012), [arXiv:1207.7235].
[3] Y. Fukuda et al. [Super-Kamioande Collaboration], Phys. Rev. Lett. 81, 1562 (1998), [hep-ex/9807003].
[4] G. Hinshaw et al. [WMAP Collaboration], Astrophys. J. Suppl. 208, 19 (2013), [arXiv:1212.5226].
[5] P. A. R. Ade et al. [Planck Collaboration], Astron. Astrophys. (2014), [arXiv:1303.5076].
[6] N. Arkani-Hamed, L. J. Hall, H. Murayama, D. Tucker-Smith and N. Weiner, Phys. Rev. D 64, 115011 (2001),
[hep-ph/0006312].
[7] G. Belanger, M. Kakizaki, E. K. Park, S. Kraml and A. Pukhov, JCAP 1011, 017 (2010), [arXiv:1008.0580].
[8] B. Dumont, G. Belanger, S. Fichet, S. Kraml and T. Schwetz, JCAP 1209, 013 (2012), [arXiv:1206.1521]
[9] D. S. Akerib et al. [LUX Collaboration], Phys. Rev. Lett. 112, no. 9, 091303 (2014), [arXiv:1310.8214].
[10] R. Agnese et al. [SuperCDMS Collaboration], Phys. Rev. Lett. 112, 241302 (2014), [arXiv:1402.7137].
[11] M. Ackermann et al. [Fermi-LAT Collaboration], Phys. Rev. D 89, 042001 (2014), [arXiv:1310.0828].
[12] S. Schael et al. Phys. Rept. 427, 257 (2006), [hep-ex/0509008].
[13] The ATLAS collaboration, Boson Fusion in pp Collisions at
√
s = 8 TeV using the ATLAS Detector at the LHC,”
ATLAS-CONF-2015-004, ATLAS-COM-CONF-2015-004.
[14] G. Aad et al. [ATLAS Collaboration], JHEP 1410, 96 (2014), [arXiv:1407.0350].
[15] G. Aad et al. [ATLAS Collaboration], JHEP 1410, 24 (2014), [arXiv:1407.0600].
[16] S. Chatrchyan et al. [CMS Collaboration], JHEP 1406, 055 (2014), [arXiv:1402.4770].
[17] P. Achard et al. [L3 Collaboration], Phys. Lett. B 587, 16 (2004) [hep-ex/0402002].
[18] G. Aad et al. [ATLAS Collaboration], Phys. Rev. D 91, no. 1, 012008 (2015) [arXiv:1411.1559 [hep-ex]].
[19] J. M. Frere, D. R. T. Jones and S. Raby, Nucl. Phys. B 222, 11 (1983); L. Alvarez-Gaume, J. Polchinski and
M. B. Wise, Nucl. Phys. B 221, 495 (1983); J. P. Derendinger and C. A. Savoy, Nucl. Phys. B 237, 307 (1984);
C. Kounnas, A. B. Lahanas, D. V. Nanopoulos and M. Quiros, Nucl. Phys. B 236, 438 (1984).
[20] After the workshop, we employed the updated LHC constraint on the Higgs boson invisible decay[13] and modified
the benchmark lines for Higgs boson invisible decay searches.
[21] ALTAS Collaboration, ATL-PHYS-PUB-2013-014.
[22] CMS Collaboration, arXiv:1307.7135.
[23] A. Ishikawa, Talk at the 16th International Workshop on Future Linear Collider (LCWS14), Belgrade, Serbia,
October 6-10, 2014.
